The plant toxin ricin is one of the most potent and lethal substances known. Ricin inhibits protein synthesis by removing a specific adenine from the highly conserved ␣-sarcin/ricin loop in the large rRNA. Very little is known about how ricin interacts with ribosomes and the molecular mechanism by which it kills cells. To gain insight to the mechanism of ricin-induced cell death, we set up yeast (Saccharomyces cerevisiae) as a simple and genetically tractable system to isolate mutants defective in cytotoxicity. Ribosomes were depurinated in yeast cells expressing the precursor form of the A chain of ricin (pre-RTA), and these cells displayed apoptotic markers such as nuclear fragmentation, chromatin condensation, and accumulation of reactive oxygen species. We conducted a large-scale mutagenesis of pre-RTA and isolated a panel of nontoxic RTA mutants based on their inability to kill yeast cells. Several nontoxic RTA mutants depurinated ribosomes and inhibited translation to the same extent as wild-type RTA in vivo. The mutant proteins isolated from yeast depurinated ribosomes in vitro, indicating that they were catalytically active. However, cells expressing these mutants did not display hallmarks of apoptosis. These results provide the first evidence that the ability to depurinate ribosomes and inhibit translation does not always correlate with ricin-mediated cell death, indicating that ribosome depurination and translation inhibition do not account entirely for the cytotoxicity of ricin.
The plant toxins ricin and abrin and the bacterial toxins Shiga and Shiga-like toxins are type II ribosome-inactivating proteins (RIPs) that inhibit protein synthesis by removing a highly conserved adenine from the ␣-sarcin/ricin loop (SRL) of the large rRNA (7, 8, 41) . They consist of a catalytic A chain covalently joined by a disulfide bond to a cell binding B chain and are highly toxic to eukaryotic cells (13, 34, 41) . Ricin naturally exists in the seeds of Ricinus communis (castor bean), a plant native to Asia, the Middle East, and southern Europe (13, 34) . The B chain of ricin (RTB) is a lectin that binds galactose or N-acetylgalactosamine receptors on the surface of target cells and promotes subsequent endocytosis of the A chain (RTA) (13, 34) . RTA is an N-glycosidase that depurinates ribosomes in the cytosol by removing a specific adenine (A4324 in rat 28S rRNA) from the highly conserved SRL in the large rRNA (7, 8) . The depurination of the SRL has been reported to interfere with the elongation factor 1-dependent binding of amino acyl-tRNA to the ribosome as well as the GTP-dependent binding of elongation factor 2 and to inhibit protein synthesis at the translocation step (27, 35) . Since ricin and many other AB toxins are quite stable, one or a few molecules are sufficient to kill cells (13) . RTA has been widely used in cancer therapy as the active moiety of immunotoxins selectively targeted to cancer cells (5) .
Very little is known about the relationship between ribosome depurination and the cytotoxicity of ricin. There is evidence that ricin induces apoptosis in a wide variety of animal cells by mechanisms other than protein synthesis inhibition (32) . Ricin-induced apoptosis in HeLa cells was associated with oxidative stress, glutathione depletion, and activation of the caspase 3 cascade, followed by downstream events leading to apoptotic cell death (32, 39) .
In the castor bean, ricin A and B chains are encoded by a single gene, which is translated into a preproprotein of 576 amino acids. The ricin precursor consists of a 35-residue N-terminal extension which contains the signal sequence (13) . The mature RTA, which consists of 267 residues, is joined to the 262-residue mature RTB by a 12-residue linker peptide (13) . The signal peptide directs the protein into the endoplasmic reticulum (ER), where proricin is core glycosylated and disulfide bonds are formed within the protein (13) . Four disulfide bonds form within the RTB sequence, and the fifth one joins RTA with RTB in the ricin holotoxin. After RTB binds to its receptor on the surface of animal cells, a portion of the endocytosed RTA reaches the Golgi complex. RTA undergoes retrograde transport from the Golgi to the ER and is thought to enter the cytosol from the ER (23) .
Due to its potent cytotoxicity and wide availability, ricin has been exploited as a biological weapon and an agent of bioterrorism (2, 19) and has been classified as a level B biothreat by the Centers for Disease Control and Prevention. Inhalation of small amounts of ricin aerosol can rapidly and irreversibly damage cells of the respiratory tract, leading to severe pulmonary incapacitation or death (3, 12) . Currently, there is no approved antidote, vaccine, or other specific medical treatment option for ricin exposure. Since the wild-type RTA is highly toxic to humans, nontoxic recombinant vaccines need to be developed based on detailed understanding of the structure and molecular mechanism of action of ricin. Since several immunodominant human T-and B-cell epitopes map to the region surrounding the active site of RTA (6, 43) , nontoxic forms which contain mutations outside the active site may lead to the development of safe and effective vaccines. A promising recombinant attenuated vaccine which contains two point mutations in RTA, one at a substrate binding site and another at a vascular leak syndrome-inducing site, is in clinical trials (46) .
The search for residues critical for enzymatic activity has been carried out by expressing mutated RTA in Escherichia coli, followed by the subsequent analysis of in vitro enzymatic activity. By passaging the plasmid containing the mature RTA through an E. coli mutator strain, five different mutations were identified from residues at the active-site cleft, including Glu177, Trp211, Gly212, and Ser215, which are located on the same helix, and Ile252, which is located close to the C-terminal end (10) . Recently, another large-scale mutagenesis screen was conducted using errorprone PCR of the mature RTA (1) . While these studies identified several residues essential for enzymatic activity, the correlation between ribosome depurination and cytotoxicity has not been addressed. Here, we conducted a large-scale mutagenesis of the precursor form of RTA (pre-RTA) in the yeast Saccharomyces cerevisiae and isolated mutant forms of RTA based on their inability to kill yeast cells. The nontoxic RTA mutants were characterized with respect to their ability to depurinate ribosomes, inhibit translation, and cause cell death. To gain insight into the mechanism of ricin-induced cell death, we examined the hallmarks of apoptosis in cells expressing the wild-type form and the nontoxic forms of RTA. Apoptotic markers, such as chromatin condensation, nuclear fragmentation, and reactive oxygen species (ROS) production, were observed for yeast expressing the wildtype RTA but not for cells expressing the nontoxic mutants, even though they depurinated ribosomes and inhibited translation. These results provide evidence that ribosome depurination and translation inhibition are not sufficient for the cytotoxicity of ricin.
MATERIALS AND METHODS

Yeast expression vectors.
The pre-RTA cDNA was constructed in our laboratory by synthesizing the signal sequence (38) (Genewiz, North Brunswick, NJ) and ligating it to mature RTA in pRAIBI30 (30) . The pre-RTA cDNA was then cloned into the yeast expression vector YEp351 downstream of the galactoseinducible GAL1 promoter (45) . The pre-RTA plasmid was transformed into Saccharomyces cerevisiae strain W303 (MATa ade2-1 trp1-1 ura3-1 leu2-3,112 his3-11,15 can1-100 [from B. Thomas, Columbia University, New York, NY]), and transformants were selected on SD-Leu medium containing 2% glucose.
Mutagenesis of pre-RTA. Plasmid DNA mutagenesis was carried out as previously described (16) . Briefly, the pre-RTA plasmid was incubated with 7% hydroxylamine for 20 h at 37°C and then precipitated and transformed into yeast. Yeast cells were plated onto SD-Leu supplemented with 2% glucose and replica plated onto SD-Leu containing 2% galactose. The pre-RTA plasmid was isolated from the colonies, which were able to grow on galactose and retransformed into yeast to confirm that the resistance was due to the plasmid. Plasmids isolated from colonies expressing RTA were characterized by sequence analysis.
Analysis of pre-RTA expression. Yeast cells harboring the pre-RTA plasmid were grown on SD-Leu containing 2% glucose to an A 600 of 0.3. Cells were pelleted at 2,000 ϫ g for 5 min, resuspended in SD-Leu medium containing 2% galactose, and grown for 6 h to induce RTA expression. For immunoblot analysis, ER membrane fractions were isolated as previously described (36) . The membrane fraction was dissolved in sodium dodecyl sulfate (SDS) buffer and heated at 37°C for 10 min before loading onto a 12% SDS-polyacrylamide gel. The blots were probed using polyclonal anti-RTA antibodies (1:3,000) produced in rabbits (Covance Research Products, Denver, PA). The blots were then stripped for 30 to 45 min with 8 M guanidine hydrochloride and reprobed with antibody to dolichol-phosphate mannose synthase (Dpm1p; Invitrogen, Carlsbad, CA) (1:4,000). Glycosylated and deglycosylated purified RTA standard was obtained from Sigma Aldrich (St. Louis, MO).
Analysis of growth rate. Yeast cells were grown in SD-Leu medium containing 2% glucose to an A 600 of 0.3 and were then transferred to SD-Leu containing 2% galactose. Aliquots were taken every 2 h, and the A 600 was recorded. Doubling times were calculated based on exponential growth between 4 and 10 h postinduction.
Cell viability analysis. Yeast cells expressing pre-RTA or pre-RTA mutants were grown on SD-Leu containing 2% glucose to an A 600 of 0.3 and then transferred to SD-Leu medium containing 2% galactose to induce pre-RTA expression. A serial dilution of cells was plated on SD-Leu plates containing 2% glucose at 0, 4, 6, 10, and 12 h postinduction. Plates were incubated at 30°C for approximately 48 h.
rRNA depurination assay. Dual primer extension analysis was conducted to quantify rRNA depurination as previously described (37) . Briefly, 2 g of total yeast RNA from cells expressing RTA was hybridized with 10 6 cpm of end-labeled depurination primer (5Ј-AGCGGATGGTGCTTCGCGGCAATG-3Ј). The second primer hybridized upstream of the depurination site close to the 5Ј end of the 25S rRNA. To quantify the extent of depurination, the target RNA was initially hybridized in the presence of excess amounts (700 pmol) of the two [␥- 32 P]ATP-endlabeled negative-strand primers. The depurination primer described above annealed 73 nucleotides (nt) 3Ј of the depurination site (A 3137 ) on the 25S rRNA. The 25S control primer (5Ј-TTCACTCGCCGTTACTAAGG-3Ј) annealed 100 nt 3Ј of the 25S rRNA 5Ј end. To allow for accurate quantification, the labeled 25S control primer was diluted 1:4 with unlabeled 25S control primer. Superscript II reverse transcriptase was used in the primer extension assay as described above. Extension products for the control and depurination fragments (100 nt and 73 nt, respectively) were separated on a 7 M urea-5% polyacrylamide denaturing gel and visualized and quantified on a PhosphorImager (Molecular Dynamics, Sunnyvale, CA). The amount of total yeast RNA and rRNA used was previously determined to be in the linear range of detection.
Extraction of proteins from yeast and in vitro depurination assay. Yeast cells (50 ml) containing pre-RTA or nontoxic mutants were induced on galactose for 6 h. Cells were resuspended in 1ϫ low-salt buffer (20 mM HEPES-KOH, pH 7.6, 100 mM potassium acetate, 5 mM magnesium acetate, 1 mM EDTA, 2 mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride) and lysed using glass beads. Samples were centrifuged briefly to remove cell debris and glass beads. The supernatant was transferred to a new tube and centrifuged at 100,000 ϫ g for 30 min to remove cell membranes and ribosomes. The resulting supernatant (100 l) was collected. Yeast ribosomes were isolated as previously described (44) . Yeast ribosomes (15 l) were incubated with RTA protein extracted from yeast (10 l) in 10ϫ RIP buffer (600 mM KCl, 100 mM Tris-HCl, pH 7.4, and 100 mM MgCl 2 ) at 30°C for 30 min (44) . One hundred microliters of 2ϫ extraction buffer (240 mM NaCl, 50 mM Tris-HCl, pH 8.8, 20 mM EDTA, and 2% SDS) was added, and rRNA was extracted with phenol:chloroform and precipitated with ethanol. The rRNA was analyzed using the dual primer extension assay (37) as described above.
In vivo [ 35 S]methionine incorporation. Translation inhibition was measured by in vivo [
35 S]methionine incorporation. Yeast cells were grown to an A 600 of 0.3 in SD-Leu-Met containing 2% glucose. Cells were then resuspended in SD-LeuMet containing 2% galactose for 6 h to induce the expression of either wild-type pre-RTA or the mutant forms. At time zero, [ 35 S]methionine was added to induced cells. After 30 min, 400 l of yeast cells was removed for growth measurements, and additional aliquots of 400 l were assayed for methionine incorporation in duplicate as previously described (37) . The cpm was normalized to the A 600 reading, and rates of translation were determined as cpm/A 600 / minute. Final results were displayed as percentages of total translation in yeast harboring the empty vector.
ROS production, cell death, and nuclear fragmentation. Yeast cells were sampled at 0, 2, 4, 6, 10, and 24 h postinduction, stained with 0.05% Evans blue for 30 min, and then destained with water for 10 min. Cells were counted using a Zeiss Axiovert 200 inverted microscope. The percentage of cell death was calculated by counting ϳ800 total cells as described by Xu et al. (47) . All experiments were assayed in triplicate.
To detect nuclear fragmentation, cells were resuspended in phosphate-buffered saline buffer (20 mM sodium phosphate, 140 mM NaCl, pH 7.4) and stained with DAPI (4Ј,4-diaminido-2-phenylindole) (1 g/ml) for 5 min at room temperature. After being stained, cells were washed with water five times and observed under a Zeiss Axiovert 200 inverted microscope with the epifluorescence setting. The digital images were acquired with a Zeiss Axiocam digital camera and software for image archival and management (Axiovision 3.0; Carl Zeiss Vision GmbH). ROS staining was carried out with diaminobenzidine (DAB) (1 mg/ml) for 10 min and was followed by washing with water three times (42) . The stained cells were observed under a Zeiss Axiovert 200 inverted microscope as described above.
Intracellular production of H 2 O 2 was detected using the oxidant-sensitive probe 2Ј,7Ј-dichlorodihydrofluorescein diacetate (DCDHF-DA) (Invitrogen, Carlsbad, CA) (4). Two microliters of fresh 5 mM DCDHF-DA was added to 1 ml of yeast cell culture (10 7 cells) and incubated at 28°C for 30 min. The cells were then washed twice in sterile distilled water and resuspended in 1 ml of 50 mM Tris-HCl, pH 7.5. After 20 l of chloroform and 10 l of 0.1% SDS were added, the cells were incubated for 15 min and pelleted. The fluorescence of the supernatant was measured using an HTS700 Perkin Elmer bioassay reader (Wellesley, MA) with excitation at 490 nm and emission at 518 nm.
RESULTS
Random mutagenesis. The full-length cDNA corresponding to pre-RTA, which consists of a 35-residue N-terminal extension and the 267-residue mature RTA, was cloned into the yeast expression vector downstream of the GAL1 promoter, mutagenized using hydroxylamine, and transformed into yeast. Cells were plated on medium containing glucose and replica plated on galactose-containing plates. Out of a total of 15,000 transformants screened, 128 (0.82%) were able to grow on galactose-containing medium. Immunoblot analysis showed that RTA expression was detected in 87 (68%) out of 128 colonies. Of the 87 colonies that showed detectable RTA expression, 37 expressed a protein of the same molecular weight as the wild-type RTA and 50 expressed smaller forms of RTA. All 87 plasmids isolated were retransformed into yeast to confirm that the loss of cytotoxicity was due to the plasmid. Nucleotide sequence analysis identified a total of 35 different mutations that led to the loss of cytotoxicity ( Table 1 ). The a The numbers after the mutations indicate the numbers of amino acids added to the C termini before a stop codon is generated. b ND, not determined. c The amino acids added to the C terminus are different from those added for the mutation listed immediately above.
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on October 1, 2017 by guest http://iai.asm.org/ majority of the mutations were isolated multiple times from colonies present on different plates, indicating that the mutagenesis screen using hydroxylamine was saturated. The mutants were divided into three groups. Group I (NT1001 to NT1016) contained 16 different mutations with a premature termination codon, resulting in a truncated form of the protein. Group II (NT1021 to NT1029) contained nine different frameshift mutations. In this group, the N termini of the proteins were the same as that of pre-RTA, but the C termini were different depending on the position of the frameshift mutation. The number of amino acids added to the C termini before the stop codon are indicated in Table 1 . Group III (NT1031 to NT1044) consisted of 14 different point mutations that resulted in single amino acid changes in the protein. Only two mutants in this group (NT1039 and NT1040) contained double point mutations. To determine which mutation was necessary for the loss of cytotoxicity, single mutations were generated by sitedirected mutagenesis. As shown in Table 1 , the expression of pre-RTA containing the single point mutations was toxic to yeast, indicating that both mutations are required simultaneously for the loss of cytotoxicity. Table 2 shows the frequency of the base pair changes, including the silent mutations. As expected for hydroxylamine mutagenesis, C-to-T and G-to-A transitions accounted for FIG. 1. Immunoblot analysis of RTA expression. Membrane fractions (15 g) isolated from cells (an amount corresponding to an optical density at 600 nm of 1) expressing pre-RTA or mutants containing a premature termination codon (A), a frameshift mutation (B), a single point mutation (C), or a double point mutation (D) were separated on a 12% SDS-polyacrylamide gel and probed with polyclonal anti-RTA (1:3,000). The RTA standard (1.5 ng) was purified RTA (Sigma, St. Louis, MO). The blots were probed with the ER membrane marker Dpm1p as a loading control. Wild-type pre-RTA and the nontoxic mutants are expressed in yeast. Immunoblot analysis using polyclonal antibodies against RTA was used to examine protein expression in each mutant at 6 h postinduction. As shown in Fig. 1 , purified RTA from Ricinus communis contains two bands. Based on comparison with the deglycosylated RTA standard, the upper band corresponds to the glycosylated from of RTA (data not shown). The ER membrane fraction isolated from yeast harboring the pre-RTA plasmid contained two bands that comigrated with the purified RTA (Fig. 1) , indicating that pre-RTA synthesized in yeast is processed the in same way as RTA synthesized in plants. A very low level of protein was detected in the cytosolic fraction, indicating that the majority of RTA expressed in yeast is associated with the ER membranes (data not shown).
Immunoblot analysis indicated that all 39 mutants that contained premature termination codons (Fig. 1A) , frameshift mutations (Fig. 1B) , or point mutations ( Fig. 1C and D) expressed detectable levels of RTA. The blot was reprobed with antibody against the ER membrane protein Dpm1p as a loading control. The majority of the mutant proteins migrated on the SDS-polyacrylamide gels according to their predicted sizes. In several mutants, different forms of the protein were observed. The P250L-A253V double mutant contained both larger and smaller forms of the protein, suggesting possible aggregation and breakdown. In general, yeast cells carrying the nontoxic forms of RTA expressed higher levels of protein than cells carrying wild-type or toxic (P95L) forms of pre-RTA. These results demonstrated that the loss of cytotoxicity was not due to the loss of protein expression.
Pre-RTA mutants are not toxic to yeast cells. Irreversible growth inhibition was examined by conducting viability assays. Cells expressing pre-RTA or the nontoxic mutants were plated on glucose after induction in galactose for the indicated times (Fig. 2) . Upon induction in yeast, the wild-type RTA reduced the viability of cells by almost 3 logs at 10 h (Fig. 2, top panel) . In contrast, the nontoxic RTA mutants exhibited minimal loss of viability at 10 h postinduction. All nontoxic mutants analyzed exhibited viability similar to that seen with cells harboring the empty vector. Only the L248stop mutant in group I and the P250L ϩ 1 mutant in group II are shown because they had the shortest deletions at their C termini. The two double mutants, the P95L-E145K and P250L-A253V mutants, were nontoxic and did not reduce viability. However, the single mutants corresponding to each double mutant (the P95L, E145K, P250L, and A253V mutants) reduced the viability of yeast cells (Fig. 2) . Nontoxic RTA mutants depurinate the rRNA. To determine if the reduced toxicity of the pre-RTA mutants was due to reduced depurination of ribosomes, total RNA was isolated from yeast cells expressing the wild-type or mutant forms of RTA, and depurination of the rRNA was examined by a dual primer extension assay (37) . As shown in Fig. 3A , ribosomes were depurinated in cells expressing pre-RTA. Cells expressing the Q231stop, Q233stop, and L248stop mutants showed a weak depurination band, indicating that these mutants retained a low level of ribosome depurination (Fig. 3A) . The rest of the C-terminal deletion mutants did not depurinate ribosomes. The frameshift mutants did not show any depurination (Fig. 3B) . In contrast, 5 of the 10 point mutants depurinated yeast ribosomes in vivo (Fig. 3C) . The depurination assay was repeated several times with all mutants, and the levels of depurination calculated from independent experiments are averaged in Table 1 . As shown in Table 1 , the S215F mutant and the P95L-E145K double mutant depurinated ribosomes at 110% and 115%, respectively. These results indicated that both mutants depurinated ribosomes at a level similar to that seen for the wild-type pre-RTA in vivo, but unlike the wildtype pre-RTA, they were nontoxic (Table 1 ) and did not reduce the viability of yeast cells (Fig. 2) .
To determine if the mutant proteins were enzymatically active in vitro, we extracted the S215F and P95L-E145K mutants from the cytosolic fraction of yeast cells. These mutants were selected since they depurinated ribosomes at a level similar to that seen for the wild-type RTA in vivo. Since the P250L-A253V mutant was nontoxic and did not depurinate ribosomes in vivo, we used it as a control for the in vitro depurination experiments. Purified yeast ribosomes were treated with similar amounts of the wild-type RTA and the mutant proteins isolated from yeast (Fig. 4A) , and ribosome depurination was examined by dual primer extension analysis. As shown in Fig.  4B , the wild-type RTA extracted from yeast depurinated yeast ribosomes in vitro. Both the S215F and the P95L-E145K mutants depurinated yeast ribosomes in vitro, while the P250L-A253V mutant was not able to depurinate ribosomes. The levels of ribosome depurination quantified from three independent depurination experiments are shown in Fig. 4C . The in vitro depurination results were similar to those obtained in vivo and demonstrated that the S215F and the P95L-E145K mutants were catalytically active, while the P250L-A253V mutant was not active.
Ribosome depurination results in translation inhibition. To determine if ribosome depurination correlated with translation inhibition, we examined total translation in cells expressing pre-RTA and compared it to that in control cells harboring the empty vector. Translation rates were determined by measuring the slope of the [ 35 S]methionine incorporation curve and expressed as percentages of the translation rate in cells harboring the empty vector. As shown in Table 1 , in cells expressing the wild-type pre-RTA, the rate of translation was reduced to 35% of the rate of translation in cells harboring the empty vector (100%). Total translation was not inhibited in yeast expressing the RTA mutants that did not depurinate ribosomes. In contrast, total translation was inhibited in cells expressing the S215F mutant or the P95L-E145K double mutant, which depurinated ribosomes (Table 1) . These results demonstrated that translation inhibition correlated well with ribosome de- FIG. 3 . Ribosome depurination in yeast expressing pre-RTA and the mutant forms in vivo. Total RNA isolated after 6 h of growth on galactose was analyzed by dual primer extension analysis using two different end-labeled primers: the depurination primer (Dep), which was used to measure the extent of depurination, and the 25S rRNA primer (25 S), which was used to measure the total amount of 25S rRNA (37) . Primer extension analysis of the mutants with a change corresponding to a premature termination codon (A), a frameshift mutation (B), or a point mutation (C) is shown. Primer extension analysis of cells harboring the empty vector is shown as a control. (Fig. 3C) or inhibit translation. Although ribosomes were depurinated and translation was inhibited in cells expressing the P95L-E145K double mutant, the doubling time of cells expressing this mutant (10 h) was similar to the doubling time of cells expressing the E177K active-site mutant (9.8 h). In contrast, the doubling time of cells expressing the S215F mutant (15 h), which depurinated ribosomes and inhibited translation, was similar to that of cells expressing the wild-type pre-RTA, although this mutant was nontoxic. These results demonstrated that the rate of growth of RTA mutants did not always correlate with the extent of ribosome depurination, indicating that the reduction in growth is not entirely due to ribosome depurination.
Characteristic markers of apoptosis are observed for cells expressing the pre-RTA. The previous results indicated that the reduction in growth observed for cells expressing pre-RTA was not entirely due to ribosome depurination or translation inhibition. To assess whether cell death induced by the expression of pre-RTA was accompanied by morphological features of apoptosis, we examined apoptotic markers in yeast expressing several RTA mutants. Cells expressing the wild-type pre-RTA, the S215F mutant, and the P95L-E145K mutant were analyzed, since these mutants depurinated ribosomes at similar levels. Cells expressing the E177K active-site mutant and the double P250L-A253V mutant were used as negative controls, since these mutants were not toxic and did not depurinate ribosomes. The single mutants corresponding to each double mutant were used as positive controls, since they were toxic and depurinated ribosomes.
Cells growing in liquid culture were stained with Evans blue at different times after induction. The extent of staining at 24 h postinduction is shown in Fig. 5A and is quantified in Fig. 5B . In cells expressing the wild-type pre-RTA or the toxic mutants, cell death was observed at 6 h after induction and gradually increased up to 24 h ( Fig. 5A and B; also, see Fig. S1 in the supplemental material). In contrast, minimal loss of cell viability was observed for cells expressing the nontoxic mutants or for cells harboring the empty vector up to 24 h after induction ( Fig. 5A and B; also, see Fig. S1 in the supplemental material). These results correlated well with the viability assay results (Fig. 2) .
Chromatin condensation and DNA fragmentation are typical markers for apoptosis in yeast (26) . DAPI staining of the cells expressing the nontoxic mutants or harboring the vector showed normal and single round-shaped nuclei, whereas cells expressing the wild-type pre-RTA or the toxic mutants revealed an abnormal shape and a fragmented nuclear phenotype at 24 h postinduction ( Fig. 5A ; also, see Fig. S2 in the supplemental material).
The accumulation of ROS is a significant trigger of apoptosis in yeast (25) . To determine whether yeast cell death induced by ricin is accompanied by the production of ROS, cells were stained with DAB and visualized under a Zeiss Axiovert 200 inverted microscope at 24 h postinduction (Fig. 6) . In cells expressing the nontoxic mutants or harboring the vector, there 3,000) . The first lane is purified RTA standard (10 ng). (B) Ribosomes isolated from yeast cells were treated with either wild-type RTA or the S215F, P95L-E145K, and P250L-A253V mutants extracted from the cytosolic fractions of yeast cells in vitro, and the extents of depurination were determined by dual primer extension analysis (37) . The first lane corresponds to the untreated ribosomes, and the second lane corresponds to primer extension analysis with protein extracted from cells harboring the empty vector. (C) The extents of ribosome depurination were quantified using a PhosphorImager from three independent depurination experiments with the wild-type and mutant proteins extracted from yeast in vitro.
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on October 1, 2017 by guest http://iai.asm.org/ was no staining for ROS up to 24 h postinduction ( Fig. 6A ; also, see Fig. S3 in the supplemental material). In contrast, DAB staining became visible at 6 h after induction in cells expressing pre-RTA or the toxic E145K, P250L, and A253V mutants and increased up to 24 h (see Fig. S3 in the supplemental material). These results suggested that expression of the wild-type pre-RTA resulted in increased ROS accumulation and promoted apoptosis-like cell death in yeast.
To quantify intracellular ROS production, DCDHF-DA oxidation was used as a marker to measure intracellular levels of H 2 O 2 . As shown in Fig. 6B , the increased level of H 2 O 2 observed in cells expressing the pre-RTA up to 24 h postinduction correlated well with cell death and ROS staining ( Fig. 6A ; also, see Fig. S3 in the supplemental material). In contrast, the H 2 O 2 levels did not increase in cells expressing the nontoxic RTA mutants up to 24 h after induction. These results indicated that RTA expression induces oxidative damage in yeast cells, leading to increased ROS levels. Taken together, our results indicate that apoptosis-like cell death is induced in yeast expressing pre-RTA and correlates well with the increased generation of ROS. In contrast, apoptosis-like cell death and production of ROS are not observed for yeast expressing the nontoxic forms of RTA.
DISCUSSION
We have established Saccharomyces cerevisiae as a simple and genetically tractable system to investigate the biological activity of ricin and demonstrated that expression of pre-RTA from the galactose-inducible GAL1 promoter is lethal to yeast. To investigate the relationship between ribosome depurination and the cytotoxicity of ricin, we conducted large-scale mutagenesis of pre-RTA in yeast and isolated nontoxic RTA mutants on the basis of their inability to kill yeast cells. Since RTA isolated from the castor bean is glycosylated, we used pre-RTA instead of the mature RTA to allow glycosylation of RTA in vivo in yeast. In previous studies, various random mutagenesis methods have been used to isolate nontoxic RTA mutants from yeast (1, 10) . Systematic deletion analysis has been used to identify amino acids critical for the activity of RTA in vitro (18, 31) . Our study is the first report which determines the precise effects of each mutation on cytotoxicity, ribosome depurination, and translation inhibition and provides evidence that cytotoxicity of RTA is not entirely due to ribosome depurination. In a recent study using PCR-based mutagenesis of the mature RTA gene, 80% of the changes observed were T-to-C and A-to-G transitions (1) . In contrast, 80% of the changes observed in our study using chemical mutagenesis were either C-to-T or G-to-A transitions (Table 2) . Multiple mutations were obtained with the PCR-based mutagenesis, and single mutations had to be generated to determine if they were responsible for the phenotype (1). In contrast, only 2 of the 35 mutants generated in our study using hydroxylamine contained double mutations (Table 1) . Analysis of the single point mutant constructs corresponding to each double point mutant indicated that both mutations were necessary for the loss of cytotoxicity.
Of the nine frameshift mutations isolated here, seven were caused by a single base pair deletion. Two had deletions of two base pairs and were isolated only once. The 25 mutations with stop codons or single amino acid changes were caused by single base pair changes. Most of these mutations were isolated more than twice, and some were isolated nine times from different plates, indicating that the mutation screen using hydroxylamine was saturated. The codons encoding 11 out of the 14 glutamines in pre-RTA were changed to stop codons, providing further evidence that our mutation screen was saturated. Mutations were not isolated at positions corresponding to Gln5, Gln98, and Gln266, since changing the codon encoding Gln5 to a stop codon would result in a four-amino-acid peptide that would not be detected by immunoblot analysis. Changing the codon encoding Gln266 to a stop codon would not affect the cytotoxicity of RTA (18); thus, a mutant with this characteristic would not have been isolated by our screen. Therefore, the only mutation in a Gln residue codon not isolated here was the change of a codon encoding Gln98 into a stop codon, which would encode a nontoxic form of RTA.
Mutations were not isolated in the N-terminal extension of pre-RTA, suggesting that these mutations did not affect the cytotoxicity of RTA. A mutation in the N-terminal extension may disrupt the ability of pre-RTA to translocate through the ER membrane without affecting its cytotoxicity, since expression of the mature RTA is toxic to yeast (1) . Similarly, muta- tions were not recovered at Asn10 and Asn236, which are glycosylated in the mature RTA. These results provide further evidence that glycosylation does not affect the cytotoxicity of RTA (33) . The three-dimensional X-ray structure of ricin indicates that the amino-terminal 117 residues form six ␤-strands and two ␣-helices (28) . The central domain is made up of five helices, of which the longest, helix E, runs through the center of the molecule and contains the key active-site residues, Glu177 and Arg180 (28) . The third domain consists of a two-stranded antiparallel ␤-sheet and an ␣-helix, which is anchored to the first helix in the N-terminal domain. It forms part of the active-site cleft and interacts with RTB in the holotoxin (28) .
The results from three separate random mutagenesis studies and several systematic deletion experiments indicate that there are five regions important for the function of RTA: ␤-strand D; ␣-helices D, E, and G to H; and a hydrogen-bonded turn and ␤-strand region (Ile249 to Val256) close to the C-terminal end of the protein (Fig. 7) (1, 10, 18, 31 ). The ␣-helix E contains the active-site residues, Glu177 and Arg180. The E177K mutation was isolated several times in different studies (1, 10) . Mutations in Arg180 (R180G) (1) in helix E and Ile184 (⌬I184) (31) at the beginning of helix F disrupted the enzymatic activity of RTA in vitro, emphasizing the critical nature of this region. In our study, deletion of Ile184 led to a loss of cytotoxicity and ribosome depurination in vivo (Table 1 ). Ile184 may be critical for ribosome depurination, since it contacts Phe181 and methylene carbons of Glu177, stabilizing the active center (31) .
A significant number of mutations that eliminated the cytotoxicity of RTA resided within the ␣-helices G to H. Several mutations in this region, including those at Glu208 and Gly212, reduced the depurination activity and the cytotoxicity of RTA (Table 1 ). Previous studies indicated that Glu208, which is at the bottom of the active-site cleft, can substitute for Glu177 in the E177A mutant (11) . Deletion of Gly212 led to the loss of enzymatic activity of RTA in vitro (31) . In contrast, the point mutation at Ser215 (S215F) in helix H did not affect the ribosome depurination in vivo but significantly decreased the cytotoxicity of RTA (Table 1 and Fig. 3 ). Previous studies showed that Ser215 could be deleted from RTA without a complete loss of enzymatic activity in vitro (30) . These results indicated that the role of Ser215 in cytotoxicity could be separated from its role in ribosome depurination.
The ␣-helix D crosses helix E in the middle (Fig. 7) . Each of the amino acids in helix D could be singly deleted, provided that the deletion does not disrupt the amphipathicity of the helix (29) . The A147P mutation reduced the depurination activity of RTA and led to the loss of its cytotoxicity ( Table 1) . The deletion of Ala147 in helix D abolished the activity of RTA in vitro (31) . The A147P mutation likely disrupted the structure of helix D in the middle, destabilizing the active site. The point mutation at Gly140 (G140R), which is located at the beginning of helix D, abolished both cytotoxicity and depurination (Table 1 and Fig. 3C ). In contrast, deletion of this glycine did not affect the activity of RTA in vitro (31) . These results indicate that the structure of RTA might be affected more when Gly140 is changed to an arginine than when it is deleted.
Mutation G83D (NT1031), which is in ␤-strand D, eliminated the cytotoxicity of RTA in yeast and reduced its depurination activity (Table 1) . Since Gly83 is relatively distant from the active site, it is unlikely that Gly83 participates in the catalysis. Previous studies indicated that RTA lost its depurination activity when Gly83 was deleted (18, 31) . A point mutation in the corresponding Gly in PAP (G75D) led to a loss of depurination in vivo (15) and affected the binding of PAP to ribosomes (14) . These results suggest that ␤-strand D might be important for the interaction of RTA with the ribosome, such that a mutation in Gly83 may affect binding of RTA to ribosomes.
The final important region is close to the C-terminal end of RTA. Nonsense mutations demonstrated that deleting 19 (L248 stop) amino acids from the C-terminal end of pre-RTA eliminated its cytotoxicity in yeast. The last frameshift mutation, P250LϩS, which deleted 17 amino acids from the C terminus and changed Pro250 to Leu, also eliminated the ribosome depurination activity (Table 1) . Previous studies indicated that deletions between Arg258 and Pro262 or Pro263 and Phe267 did not affect the cytotoxicity of RTA (18) . However, point mutations upstream of Arg258, at Ile252, Leu254, and Val256, eliminated the cytotoxicity of RTA (1, 10) . In our study, the single mutations at Pro250 (P250L) and at Ala253 (A253V) had little effect on the cytotoxicity of RTA or its ability to depurinate ribosomes. However, when they were combined (P250L-A253V), both cytotoxicity and ribosome depurination were eliminated. These results indicated that the C-terminal region of RTA is critical for ribosome depurination and cytotoxicity. Different forms of protein were observed for the membrane fraction from cells expressing P250L-A253V (Fig. 1) , suggesting that the point mutations at the C terminus may have prevented the retrotranslocation of RTA from the ER to the cytosol (40) .
Ricin and other protein toxins can cause apoptotic cell death in animal cells that is associated with DNA fragmentation and target cell lysis (20) . However, the detailed mechanism of ricininduced apoptosis and in particular the mechanism by which protein synthesis inhibition by ricin results in apoptosis are unclear. Several lines of evidence suggest that the specific attack on the 28S rRNA of the large ribosomal subunit by RTA may cause the ribotoxic stress response, which in turn leads to apoptosis through a stress-mediated signaling pathway (17) . The cleavage of DNA in the nucleus and nuclear fragmentation are typical apoptotic hallmarks in yeast (9, 21) . Cells expressing the nontoxic RTA mutants or harboring the empty vector showed a normal and single round-shaped nuclei, whereas cells expressing the pre-RTA or the toxic mutants harbored abnormally shaped and fragmented nuclei ( Fig. 5A ; also, see Fig. S2 in the supplemental material).
The induction of ROS plays a major role in mediating cell death in yeast (26) . Previous studies have demonstrated the accumulation of ROS in yeast cells exposed to oxidative stress or expressing mammalian Bax (22) , as well as in the cell cycle mutant cdc48 S565G and the gsh1 deletion mutant in the absence of glutathione (24) . The involvement of ROS upstream of caspase-3 activation has been demonstrated for signal transduction pathways induced by ricin in various cell types (39) . These studies have led to the conclusion that the production of ROS is a necessary and sufficient condition for the induction of apoptosis in yeast. To determine if ROS is produced in yeast expressing pre-RTA, cells were stained with DAB at different times after induction. A weak ROS staining was detected after 6 h of growth on galactose; this staining became significantly more intense thereafter in pre-RTA-expressing cells, as well as in cells expressing the toxic mutants (see Fig. S3 in the supplemental material). In contrast, no ROS staining was detected in cells harboring the vector or expressing the nontoxic mutants (Fig. 6A) . Similar results were obtained when intracellular ROS levels were quantitatively determined. A nearly fivefold increase in ROS production was observed for cells expressing pre-RTA compared to controls at 24 h after the galactose shift (Fig. 6B) . The induction of ROS correlated well with cell death (Fig. 5A) , suggesting that ROS may act as an effector of apoptosis and trigger the subsequent apoptotic events. Taken together, our results strongly suggest that apoptosis-like cell death is induced in yeast expressing the wild-type or toxic forms of pre-RTA and correlates well with the increased generation of ROS. In contrast, apoptotic features are not observed in cells expressing the nontoxic RTA mutants. These results present the first evidence that apoptosis-like cell death induced by RTA is not entirely due to ribosome depurination and translation inhibition. The nontoxic forms of RTA with mutations outside the active site may be candidates for the development of safe and effective recombinant vaccines against ricin. They may also be of value in the development of more effective immunotoxins with reduced side effects.
